Prestack seismic inversion techniques provide valuable information of rock properties, lithology, and fluid content for reservoir characterization. The confidence of inverted results increases with increasing incident angle of seismic gathers. The most accurate result of simultaneous prestack inversion of P-wave seismic data is P-impedance. S-impedance estimation becomes reliable with incident angles approaching 30°, whereas density evaluation becomes reliable with incident angles approaching 45°. As the offset increases, we often encounter "hockey sticks" and severe stretch at large offsets. Hockey sticks and stretch not only lower the seismic resolution but also hinder long offset prestack seismic inversion analysis. The inverted results are also affected by the random noises present in the prestack gathers. We developed a three-step workflow to perform data conditioning prior to simultaneous prestack inversion. First, we mitigated the hockey sticks by using an automatic nonhyperbolic velocity analysis. Then, we minimized the stretch at the far offset by using an antistretch workflow. Last, we improved the signal-to-noise ratio by applying prestack structure-oriented filtering. We evaluated our workflow by applying it to a prestack seismic volume acquired over the Fort Worth Basin, Texas, USA. The results inverted from the conditioned prestack gathers have higher resolution and better correlation coefficients with well logs when compared to those inverted from conventional time-migrated gathers.
Introduction
Simultaneous prestack inversion (Hampson et al., 2005) provides estimation of acoustic impedance (Z p ), shear impedance (Z s ), and density. Zhang et al. (2013b) obtain the P-wave velocity, S-wave velocity, and density from prestack seismic data analysis. Those kinds of estimations represent the intrinsic rock properties and are commonly used for predicting fluid, lithology, and geomechanical properties. Improving the data quality of the prestack seismic gathers is key to obtaining reliable impedance and density estimations. The main factors that affects the data quality in the prestack gathers include (1) "hockey sticks" in the long offset seismic surveys, (2) normal moveout (NMO)/migration stretch, and (3) random noise.
Hockey sticks arise in the long offset of prestack gathers when we do not account for the effects of anisotropy (Alkhalifah, 1997; Fomel and Stovas, 2010) and heterogeneity (Taner and Koehler, 1969; de Bazelaire, 1988) in seismic processing. To mitigate the hockey stick at large offset, we need to perform nonhyperbolic velocity analysis using a proper traveltime equation. The conventional nonhyperbolic velocity analysis (CNVA) first estimates the NMO velocity V nmo on offset-limited gathers using a hyperbolic NMO correction, then it picks effective anellipticity η eff using the full-offset gathers. CNVA produces estimated model of V nmo and η eff on a coarse grid of supergathers. The model at other common midpoint (CMP) gathers are interpolated from those at manually picked grids. However, there is no guarantee that the interpolated velocity model is correct for all CMPs. Another disadvantage of CNVA is that small-aperture V nmo analysis may be inaccurate. Picking errors in V nmo introduces errors into the subsequent analysis of η eff . Unfortunately, simultaneously manual picking of V nmo and η eff at every CMP location is time consuming and tedious. In this paper, we use an automatic nonhyperbolic velocity analysis (Zhang et al., 2014) to mitigate the hockey stick in the long offset.
Migration and NMO corrections are conducted sample by sample, which results in the well-known decrease in frequency content and amplitude distortion through stretch at far offset. To avoid the effects of serious stretch associated with large offsets, we usually mute the farther offsets based on a user-defined stretch criterion. Muting of large offset not only lowers the stacking power, it also reduces the accuracy and vertical resolution of prestack inversion for shear impedance and density. Roy et al. (2005) propose analytic correction for wavelets stretch due to imaging. Downton and Ursenbach (2006) propose AVO inversion by considering the stretch at large offset. Zhang et al. (2013a) develop a wavelet-based algorithm named matching pursuit NMO (MPNMO) to minimize the stretch at large offset. Their algorithm first applies reverse NMO, which "resqueezes" the migration stretch of the time-migrated gathers, and then conducts a waveletbased NMO correction on the reverse NMO gathers. We apply their algorithm to minimize the stretch after having computed V nmo and η eff using automatic nonhyperbolic velocity analysis.
The seismic signal is almost always contaminated with noise. To mitigate this undesired component of seismic data, we assume that proper filters have already rejected the coherent noise (such as multiples) and that the remaining "noise" is random prior to applying our data conditioning workflow. If we assume that the noise and reflected signals are uncorrelated, then we can decompose the prestack gathers into signal and noise parts by principal component analysis (PCA) (Key and Smithson, 1990 ) along the structural dip.
In this paper, we present a three-step workflow to perform prestack seismic data conditioning prior to prestack inversion. First, we mitigate the hockey sticks by using an automatic nonhyperbolic algorithm. We then minimize the stretch at large offset using an antistretch procedure. Finally, we improve the signal-tonoise ratio (S/N) by applying prestack-oriented filtering. The workflow is validated on a seismic data volume acquired over the Fort Worth Basin (FWB), Texas, USA.
Strategies to improve the data quality at far offset
To use the critical information contained in the longoffset data for prestack inversion, we need to (1) flatten the reflections at the large offset using a nonhyperbolic traveltime equation, (2) minimize the stretch typically associated with large offset, and (3) improve the S/N by prestack structure-oriented filtering (PSOF).
Mitigating the hockey stick using automatic nonhyperbolic velocity analysis
To mitigate the hockey stick associated with the large offset and anisotropy, we apply an automatic nonhyperbolic velocity analysis algorithm (Zhang et al., 2014) . Zhang et al. (2014) use a nonhyperbolic traveltime equation (Alkhalifah, 1997) to automatically find an interval model m such that the NMO velocity V nmo and effective anellipticity η eff derived from that model give the maximal stacking power. The model m of the algorithm consists of the interval NMO velocity v nmo and instantaneous (interval) anisotropy η int parameters. The workflow uses a genetic differential evolutionary (DE) algorithm to find the best model that can mitigate the hockey stick at large offset. Our input data consist of prestack time-migrated CMP gathers, the initial migration velocity, and interpreted horizons. The outputs are flattened gathers, a model of interval velocity and anellipticity that best flatten the gathers. The prestack time-migrated gathers are subjected to a reverse NMO using the migration velocity. The horizons are manually interpreted on an offset-limited stack of the migrated gathers and are used to parameterize the interval model. The algorithm starts by building an initial interval velocity model from the migration velocity and setting the initial anellipticity model to zero, then it generates a suite of alternative models. Next, the model undergoes DE mutation and crossover to generate a set of new trial interval models. The algorithm estimates the objective function for each model. Better models survive into the next generation. We repeat generating and evaluating the new models until all the reflection events are flattened or convergence slows down.
Minimizing the stretch at far offset
The conventional NMO correction, which processes the data sample-by-sample, results in the well-known decrease in frequency content and amplitude distortion through stretch. The NMO-uncorrected traces dðtÞ can be regarded as the convolution of the seismic wavelet with the reflectivity series and added noise as dðtÞ ¼ rðtÞ Ã wðtÞ þ nðtÞ;
( 1) where rðtÞ is the reflectivity series, wðtÞ is the wavelet, and nðtÞ is the noise. This classic theory suggests that NMO correction can be implemented on a waveletby-wavelet basis, with the moveout applied to the reflection events rðtÞ rather than to the data samples dðtÞ. Zhang et al. (2013a) achieve this goal by using an algorithm named MPNMO. Our input data consist of prestack time migrated seismic gathers dðt; x n Þ after performing reverse NMO using the migration velocity function. The output is the nonstretch NMO-corrected gathers.
Improving S/N By assuming that (1) coherent noise have been filtered using proper filters, (2) noise and reflected signals are uncorrelated with zero mean, and (3) noise is uncorrelated from trace to trace and sample to sample, Key and Smithson (1990) conclude that the first few eigenvalues and eigenvectors of the covariance matrix of prestack seismic gathers represent the coherent reflection signals. Based on this assumption, we apply a PSOF based on PCA to the seismic gathers to improve the S/N. The workflow begins by calculating the reflectors' dip in a running window on all traces of the stacked volume (Marfurt, 2006) . Then, we estimate the correlation coefficients for the stack volume along the local reflection dip (Gersztenkorn and Marfurt, 1999) . Next, we extract the reflection signal whose correlation coefficients are greater than a user-defined threshold through the first eigenvalue and eigenvector of seismic covariance matrix. The signals whose correlation coefficients T6 Interpretation / February 2015 are less than the threshold do not undergo any processing, thereby preserving potential discontinuities.
Prestack seismic data conditioning workflow Figure 1 summarizes the proposed workflow for improving the data quality contained the large offset. Our input data consist of prestack time-migrated gathers and the initial migration velocity V nmo 0 . The initial effective anellipticity η eff is set to zero. We obtain the initial migration velocity by performing hyperbolic velocity analysis on coarse grid supergathers. The workflow begins by performing reverse NMO on the time-migrated gathers using the initial migration velocity. Then, we obtain the optimal velocity and anellipticity model using our automatic algorithm. Next, we apply MPNMO to the time-migrated gathers using new velocity and anellipticity model resulting in flattened nonstretched prestack gathers. Last, we apply PSOF to further improve the S/N. In this manner, stacking power and vertical resolution are improved first by aligning the data and second by avoiding stretch.
Application
To evaluate the data quality processed by our workflow, we first apply it to prestack time-migrated gathers acquired in the FWB. We then compare the prestack inverted results computed from conventional migrated after muting and new conditioned gathers. The FWB is a foreland basin and covers approximately 54;000 mi 2 in north-central Texas (da Silva, 2013) . The target is the Mississippian Barnett Shale, which is one of the largest unconventional reservoir in the world and spreads approximately 28,000 square miles across the FWB. In our survey, the core or main production area in the Barnett Shale Formation lies between 1.2 and 1.4 s. The maximum offset is approximately 4267.2 m (14,000 ft), whereas the target Barnett Shale lies at approximately a 7000-ft depth, implying a maximum incidence angle of approximately 45°. Figure 2a shows a representative time-migrated CMP gather using a two-term hyperbolic traveltime equation. Note the hockey stick and stretch indicated by white arrows at the far offset. To avoid the effect of serious stretch, we usually mute those serious stretched data according to a user-defined criterion. Figure 2b shows the muted gather in which the wavelet is not allowed to stretch more than 130%. By combining the NMO velocity V nmo and effective anellipticity η eff , nonhyperbolic velocity analysis can mitigate the hockey stick but not the stretch at the far offset (Figure 2c ). Figure 2d shows the flattened nonstretch gather. Note that MPNMO minimizes the stretch that occurs at the far-offset data when compared to the original time-migrated gathers. Figure 2e and 2f shows the same gather after applying PSOF and the rejected random noise, respectively.
P-impedance is the most reliable result from prestack inversion. S-impedance estimation becomes reliable when the incidence angle reaches 30°, whereas density becomes reliable when the angle approaches to 45°. By applying the proposed workflow, more faroffset data (Figure 2e ) are available for the subsequent processing and inversion. We apply simultaneous prestack inversion to the conventional (Figure 2b ) and new conditioned (Figure 2e ) gathers. We first extract three angle-range (0°-12°, 12°-24°, and 24°-36°)-dependent statistical wavelets for the conventional-migrated (Figure 3a ) and the conditioned (Figure 3b ) data after the seismic-well tie. The red, blue, and green lines show the extracted small-(0°-12°), intermediate- (12°-24°) , and large-angle wavelets (24°-36°), respectively. Note that the large-angle wavelet extracted from the time migration is distorted to some extent. To better compare the improvements, we show the amplitude spectrum of the extracted wavelets from the time-migrated and conditioned gathers in Figure 3c and 3d. Due to the increasing stretch with increasing incidence angle in the timemigrated gathers, the spectral bandwidth (the blue and green lines in Figure 3c ) of the intermediate-and largeangle wavelets are distorted and narrower than that of the small-angle wavelet (the red line in Figure 3c ). However, the proposed conditioning workflow preserves the spectral bandwidth of the intermediateand large-angle (the blue and green lines in Figure 3d ). Another factor responsible for the narrower bandwidth of large-angle wavelet is that we applied low-pass antialiasing filters to the far-offset data internal to the time migration algorithms (Biondi, 2001) . Figures 4-6 Figure 1 . Flowchart showing the three data conditioning steps to improve the data quality of prestack gathers: (1) automatic nonhyperbolic velocity analysis, (2) applying antistretch processing on the time-migrated gathers, and (3) prestack structure-oriented filtering.
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compare the inverted P-impedance, S-impedance, and density from the conventional and long offset preserved gathers. The well track in those figures is indicated by the gray arrow. It was used for quality controlling the inversion results. We observe an overall improvement by including the long offsets, especially for the inverted S-impedance. For example, the formations indicated by the white arrow in the new inverted results from conditioned data are more laterally continuous compared to those from of conventional data. The zones indicated by dark arrows in the new data have higher resolution compared to those of conventional data. These improvement are due to our ability to preserve the frequency content for wavelet in the mid and far offsets, in particular. To better see the improvement, we quality control our inverted results from (Figure 7a ) timemigrated and (Figure 7b ) conditioned gathers with well logs at the target zone. The left, middle, and right tracks show the P-impedance, S-impedance, and density panels, respectively. The black, blue, and red curves indicate the initial model, the original well logs, and the inverted results. The blue curves in Figure 7a and 7b are from the well logs, and the red curves are from the inverted results. Note that we have obvious improvements in the zone indicated by the red arrows. The new inverted results show a better correlation with the original well logs. The improvement of density is not as good as those of the P-and S-impedances. This is because the maximum incidence angle of our gather is approximately 36°and it is beyond the inversion algorithm's capability to generate a reliable result.
Conclusion
Improving the data quality of prestack gathers, especially the information contained in the large offsets, is critical to obtaining a reliable prestack inverted results. The main tasks include (1) mitigating the hockey stick using high-resolution automatic nonhyperbolic velocity analysis, (2) minimizing the stretch introduced by conventional NMO correction/migration, and (3) improving the S/N by applying proper filters. By combining all of the processing, the proposed workflow maintains the frequency content of wavelets and rejects unwanted random noise through the small intermediate and large angles. Thus, the more information is available for subsequent inversion, the more accurate are the inverted results. The prestack inverted results based on the new conditioned gathers not only show higher resolution but also exhibit a better match to the original well logs due to critical information contained in the far offset.
